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Introduction {#sec1}
============

The olfactory filaments (OFs), also known as olfactory fila, are among the most important structures in the olfactory system and play a key role in connecting peripheral olfactory neurons to the central nervous system. The OFs are formed by a cluster of hundreds to many thousands of olfactory receptor axons bundled together within olfactory ensheathing cells. The collection of such receptor cells makes up the olfactory nerve (cranial nerve Ⅰ). The axons of these receptor cells form the outermost layer of the olfactory bulb (OB) and enter into the next layer of the bulb, where they synapse within spherical structures, termed glomeruli, with the dendrites of the bulb\'s major projection neurons, the mitral and tufted cells.[@bib1] These cells in turn project to a number of higher brain regions.

In addition to conveying the axons that transmit olfactory receptor signals, the OFs also regulate the function and growth of various kinds of cells of the olfactory epithelium. For example, after the OFs are severed, the olfactory epithelium thins and the number of its cells decreases; as recovery from damage occurs, the epithelium thickens and the cells multiply.[@bib2] The OFs, under some circumstances, allow for the transport of xenobiotics (including viruses, drugs, and nanoparticles) directly from nose into the brain.[@bib3], [@bib4], [@bib5], [@bib6], [@bib7] These phenomena, as well as the unique capacity of the olfactory nerve and other elements of the olfactory epithelium to regenerate, have led to a plethora of research studies of the OFs in recent years.[@bib8], [@bib9] For example, the OFs are now widely used as a model in animal experiments to explore neuronal regeneration.[@bib10]

The classic animal model of post-traumatic olfactory dysfunction involves transection of the OFs.[@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17] A number of animal models of olfactory disorders have focused on the OF, including those related to factors that damage the olfactory pathways, including inflammatory processes, viruses, and toxins.[@bib18], [@bib19], [@bib20], [@bib21], [@bib22] In human studies, researchers have found that the status of the axons of the olfactory neurons provides useful information about the overall condition of the peripheral olfactory system and may improve the interpretation of the diagnostic implications of mucosal biopsies.[@bib23] Thus, the OFs play a vital role in the study of smell disorders. However, OFs are vulnerable and difficult to directly research. To date, horseradish peroxidase (HRP) staining and manganese (Mn^2+^) imaging represent two of the most frequently used methods to evaluate the OFs,[@bib24], [@bib25] with HRP staining acting as an indirect indicator of lesions in the olfactory neuron axon and Mn^2+^ acting as a direct indicator for magnetic resonance imaging (MRI) assessment. However, these methods have limitations. For example, the use of HRP precludes evaluations of the function of the OFs because this procedure requires animal sacrifice, and Mn^2+^ is associated with biological toxicity. Although many animals can tolerate this ion, it may influence the recovery process and produce confounding results.[@bib26], [@bib27] Despite the fact that researchers have achieved limited success with the use of Thallium^201^ (^201^TI) imaging or transgenic animals in evaluating the function or morphology of the OFs,[@bib28], [@bib29] these methods also have drawbacks. Transgenic mice also have to be sacrificed to examine the olfactory system.[@bib15], [@bib17], [@bib30], [@bib31] And ^201^TI, which has been successfully used in the clinic as an effective method of evaluating the function of the olfactory system in Japan,[@bib32] is expensive. Moreover, the OFs are so small that it is difficult to successfully image them.

To overcome these obstacles, an economical and effective method is needed that can repeatedly and directly record the OFs without affecting its natural recovery process. Such a method would be very helpful in a variety of olfactory studies. One method, which is explored in this study, is MRI. MRI is a highly versatile imaging technique that has been widely used in clinics and research since its early development in the 1970s.[@bib33] Chang and Jang[@bib34] attempted to use MRI to distinguish the five distinct layers of the hamster OB more than twenty years ago. However, this study was limited to hamster models and did not adequately display the OF. With the rapid development of animal imaging technology in recent years, MRI can easily resolve volumes less than 1 μm, which indicates that the OFs can be directly imaged in rats. To date, olfactory-related research has not performed MRI experiments to directly image the OF. Thus, whether microMRI can be applied to directly display the OFs *in vivo* in rats requires investigation. This study explored this concept and aimed to utilize MRI as a new *in vivo* method for evaluating the OFs in a transectional OF model.

Materials and methods {#sec2}
=====================

Animals {#sec2.1}
-------

Male Sprague--Dawley rats (body weight of ∼300 g) were obtained from Vital River (Vital River SLC, Beijing, China) and housed in a 22 °C air-conditioned room with a 12/12 h light/dark cycle. They were provided adlibitum with a standard pellet diet and water. The Capital Medical University Animal Experiment Committee approved all animal procedures in advance (No. AEEI-2016-059).

Surgical procedures {#sec2.2}
-------------------

Five rats were anesthetized with sodium pentobarbital (60 mg/kg) through intraperitoneal injection and then placed under a stereomicroscope. A midline incision was performed to expose the anterior aspect of the skull. Then, the underlying OB was exposed using a dental drill and microforceps. With the aid of a dissecting microscope, a curved and partially blunted 23-gauge hypodermic needle was used to damage the OB on the left side. A sham operation with no damage was performed on the right side. Perfusion of cold sterile saline into the exposed area served to minimize bleeding throughout the surgery. After surgery, the skin over the exposed region was closed using stainless steel wound clips. One day after surgery, the rats were scanned by microMRI.

Olfactory function test {#sec2.3}
-----------------------

A buried food pellet test (BFPT) was used to evaluate the olfactory function of rats 5 days before and after the surgery. This behavioral test has been used numerous times to assess olfactory function.[@bib35], [@bib36], [@bib37], [@bib38], [@bib39] On test days, the rats were restricted to 0.5 g of food per day. Water was available adlibitum. BFPT training and testing were performed in a 55 cm × 30 cm × 35 cm closed non-transparent container whose flooring was covered with 5 cm thick rat bedding material. A food pellet was buried approximately 1 cm below the surface at random sites during each trial. The latency to find the food (forelimbs clinging to the food pellet or gripping it with teeth) after introduction into the test situation was recorded.[@bib40] If the rat did not find the food pellet within 5 min, the latency was recorded as 300 s. The average latencies for each of 5 days of testing was used for analysis.

MRI {#sec2.4}
---

All of the OF images of this study were obtained at the position of oblique coronal after the median sagittal orientation ([Fig. 1](#fig1){ref-type="fig"}). The red oblique bars show oblique coronal direction of scanning.Fig. 1OB and cribriform plate observed *in vivo* via MRI on the orientation of median sagittal. The red oblique bars is the oblique coronal direction of scanning method applied in this study to observe OFs.

The details of the scanning are as follows: each animal was anesthetized in the induction chamber using isoflurane, and then fixed in a prone position. High-resolution MRI was performed (1 day after the surgery in surgery group). Images were acquired on a PharmaScan^®^ 7T/16 horizontal magnet (Bruker Co., Germany). The rat was placed in a custom-designed plastic stereotaxic holder with a tooth bar to immobilize the head. The anesthesia (1.5%--2.0% isoflurane mixed with air) was delivered through a nose-cone. The animal\'s heart rate and respiration were monitored during the entire experiment. Time series, T1-weighted and T2-weighted MRI images, were acquired by a rapid acquisition relaxation enhancement (RARE) sequence. The coronal T1-weighted images were obtained in the horizontal direction at a counter-clockwise 30° angle ([Fig. 1](#fig1){ref-type="fig"}) with the repetition time/echo time = 1300/39 ms. The T2-weighted images were obtained using the following parameters: repetition time/echo time = 3000/45 ms; ﬂip angle 180; internumber of signals acquired, 10; matrix size = 384 × 384, pixel resolution 91 × 91 mm/pixel; FOV 3.5 cm × 3.5 cm; number of slices = 15 and slice thickness, 0.5 mm (no gaps); RARE factor of 8, 2D volumes of 91-μm isotropic spatial resolution were obtained every 20 min.

MRI data analysis {#sec2.5}
-----------------

Image J software (Wayne Rasband, National Institutes of Health, USA) was used to analyze the OF length of the rats. Images that accurately displayed the OFs were selected, and the length of the OFs from the nasal cavity to the OB were measured.

Statistical analysis {#sec2.6}
--------------------

SPSS (version 22 for Windows) was used for the statistical analysis. Means and standard deviations were used to describe continuous variables. The mean value of each group was compared within the group using analysis of variance after normality and homogeneity of variance was verified. A *P* value of 0.05 or less was considered statistically significant.

Results {#sec3}
=======

OFs could be clearly seen on all of the MRI images. Three pairs of OFs were observed in three of the rats, and four pairs of OFs were observed in two of the rats in control group. Significant differences were not observed between the mean lengths (mm) of the left and right OFs in the five rats of the control group (0.81 ± 0.18 *vs* 0.89 ± 0.17, *P* \> 0.05). Although observing the entire OF on a single plane is difficult because of its irregularity, OFs that pass through the ethmoid foramen can be easily observed in oblique coronal images. In the surgical group, three pairs of OFs in three rats and four pairs of OFs in two rats were observed under MRI. Similar to the controls, the mean left- and right-side lengths (mm) of the OFs did not differ in the operated animals (0.83 ± 0.18 *vs* 0.93 ± 0.24, respectively, *P* \> 0.05). In rats that underwent surgery, the OB was damaged in all cases (*n* = 5). The pre- and post-operative BRPT (sec) latencies differed significantly in the surgical group (83.80 ± 34.37 *vs* 231.44 ± 53.23, respectively, *P* \< 0.05).

OFs in control group *in vivo* by MRI {#sec3.1}
-------------------------------------

The images show pairs of OFs originating from the olfactory epithelium and traveling through the foramina in the cribriform plate to connect with the OB ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Morphology of the olfactory system obtained with T2-weighted images in the oblique coronal direction on different scanning planes in the control group. The OB is indicated by the vertical arrow, and OF is indicated by the horizontal arrow. The images clearly show pairs of OFs originating from the olfactory epithelium and then synapsing with the OB. A, B, C, and D in Fig. 2 are different planes from the anterior to the posterior OB.

OFs in the surgical group imaged with MRI *in vivo* {#sec3.2}
---------------------------------------------------

All of the OFs were intact well after the surgery process. We did note partial injury of the OB; only rarely was OF damage observed after surgery (*n* = 5, [Fig. 3](#fig3){ref-type="fig"}).Fig. 3Morphology of the OBs and OFs in the oblique coronal direction on different scanning planes in the surgical group: OBs are indicated by the vertical arrow and OFs are indicated by the horizontal arrow. A, B, C, and D in Fig. 3 are different scanning planes from the anterior to the posterior OBs. In the surgical group, the damaged side is on the left and the normal side is on the right. The injured area of the OB is circled in line. The OFs shown in the image were well connected with the OBs. The injured area of the OB is visible, and normal OF length and structure of both sides are observed.

BFPM latencies before and after surgery {#sec3.3}
---------------------------------------

The mean (SEM) latencies to find the buried food pellets before and after surgery are shown in [Fig. 4](#fig4){ref-type="fig"}. It is apparent that the rats who had undergone the surgery had difficulty finding of the food pellets.Fig. 4The mean time (sec) of BFPT in surgery group before surgery *vs* after surgery (83.80 ± 34.37 *vs* 231.44 ± 53.23, *P* \< 0.05).

The mean length of the OFs in the control and surgical groups {#sec3.4}
-------------------------------------------------------------

The mean length (mm) of the left and right OFs in control rats were 0.81 ± 0.18 and 0.89 ±0.17, respectively (*P* \> 0.05). The mean length (mm) of the damaged side (left) and normal side (right) in the surgical group were 0.83 ± 0.18 and 0.93 ± 0.24, respectively (*P* \> 0.05). Thus, no significant difference was apparent in the OF lengths between the left side and right sides of either group ([Fig. 5](#fig5){ref-type="fig"}, *P* \> 0.05).Fig. 5Mean OF length in the control group and surgical group. S-R, S-L, N-R, N-L are the right side and left side (injury side) in the surgical group and the right side and left side in the control group, respectively. Significant difference was not observed in the OF length between the left side and right side of both groups (*P* \> 0.05).

Discussion {#sec4}
==========

This pilot experiment shows, for the first time, that the OFs of rats can be visualized using *in vivo* microMRI. Further development of this technology may allow for the evaluation of the morphology of the OFs in rats, thereby increasing the range of potential questions that can be addressed. As an example, we applied this method to verify the OB-lesion model. Our data suggest that damage to one OB has no impact on the length of the OFs on either side of nose, even though it produced a significant increase in BFPT latencies.

The morphological integrity of the OFs is critical for normal olfactory function. Researchers have noticed that OFs are an important route, in both humans and animals, for the unintended entrance of xenobiotics into the brain.[@bib3], [@bib4], [@bib41], [@bib42], [@bib43] Injury to the olfactory nerve fibers at the site where the nerve filaments traverse the cribriform plate and project to the OB is one of the most common causes of olfactory loss related to trauma.[@bib44], [@bib45], [@bib46] The status of OFs reflects, in large part, the overall condition of the olfactory system and is known to correlate with olfactory function.[@bib23] Animal experiments are essential for studying the mechanisms of olfactory disorders and the development of therapeutic methods, given the impossibility of performing invasive studies in humans. Nonetheless, research in rodents has been challenging because of the small size and location of the filaments. Previous researchers have tried to use HRP,[@bib24] Mn^2+^,[@bib25] and ^201^TI,[@bib28] to visualize and study the OFs with limited success. All of these methods have significant short comings, including the need to sacrifice the experimental animals, the use of potentially toxic materials, and the low resolution of the imaging methods.[@bib15], [@bib27], [@bib47]

In this small scale study, we have demonstrated that part of the OFs can be clearly observe during MRI ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). The method we describe could be of potential use in observing the structural integrity of rat OFs *in vivo*, both in cross-sectional and longitudinal studies. Given that MRI is one of the safest imaging modalities, it is ideal method for observing a subject without damaging the olfactory pathways or requiring sacrificing of the animal. Once a research institution has obtained a microMRI system, the examination cost is minimal.

We acknowledge that this study has several limitations. First, we cannot accurately trace the intact OFs because of their irregular shapes. The OFs shown in the figures only represent the portion of the filaments in the same coronal plane. Second, we were only able to show the oblique-coronal series images without series of axial or sagittal images, reflecting the fact that OFs are too short to be clearly observed in these planes. Lastly, we were unable to compared the MR images with the anatomy of the OF obtained via direct dissection because of the size and fragility of the OF. Full-length imaging of the OF may require further exploration using diffusion tensor imaging (which may provide more useful information on the OFs) and other imaging methods. Clearly, this is an area ripe for additional work.

In addition to demonstrating that microMRI can visualize the OFs of rats, we showed that the blunted needle surgery procedure was effective in establishing olfactory dysfunction even when only part of the OB was damaged. A significant difference in BFPT latencies between the pre- and post-surgery measurements was observed in our study, demonstrating that even partial injury to one olfactory bulb can impair the rat\'s olfactory function. BFPT has been widely employed to assess the olfactory function of rats.[@bib40], [@bib48] Another interesting finding of our study is that the blunted needle surgery did not impair the OF. This finding differs from that of some reports that use similar method to damage the OFs.[@bib16], [@bib31], [@bib53] The main reason, in our opinion, is that the space between the OB and the cribriform plate is irregular, so the steel needle fails to completely scrape the cribriform plate, thereby sparing damage to a number of OFs. Previously researchers have tried to use a thin flexible Teflon blade to replace the steel knife to achieve this end, although in general this approach has been less successful in terms of the amount of incurred damage.[@bib29], [@bib30], [@bib31] It is obvious that no matter what kind of model observed by this way, there is no doubt microMRI is an effective method to study the olfactory system including OF and OB.

OB, the first site for the processing of olfactory signal in the brain, have been repeatedly highlighted the importance for the proper functioning of olfactory system.[@bib49], [@bib50], [@bib51], [@bib52] Our data shows, consistent with previously research, that even unilateral damage to OBs can impact normal olfactory function.

Conclusions {#sec5}
===========

MicroMRI may be a feasible tool to evaluate the olfactory system including OF and OB in rat models. Unilateral partial OB lesion model is an effective post-traumatic olfactory dysfunction model.
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